: Recent improvements in the growth of wide-bandgap semiconductors, such as cadmium zinc telluride (CdZnTe or CZT), has enabled spectroscopic X/γ-ray imaging detectors to be developed. These detectors have applications covering homeland security, industrial analysis, space science and medical imaging. At the Rutherford Appleton Laboratory (RAL) a promising range of spectroscopic, position sensitive, small-pixel Cd(Zn)Te detectors have been developed. The challenge now is to improve the quality of metal contacts on CdZnTe in order to meet the demanding energy and spatial resolution requirements of these applications. The choice of metal deposition method and fabrication process are of fundamental importance. Presented is a comparison of two CdZnTe detectors with contacts formed by sputter and electroless deposition. The detectors were fabricated with a 74 × 74 array of 200 µm pixels on a 250 µm pitch and bump-bonded to the HEXITEC ASIC. The X/γ-ray emissions from an 241 Am source were measured to form energy spectra for comparison. It was found that the detector with contacts formed by electroless deposition produced the best uniformity and energy resolution; the best pixel produced a FWHM of 560 eV at 59.54 keV and 50% of pixels produced a FWHM better than 1.7 keV. This compared with a FWHM of 1.5 keV for the best pixel and 50% of pixels better than 4.4 keV for the detector with sputtered contacts.
Introduction
Cadmium zinc telluride (CdZnTe or CZT) is a wide-bandgap semiconductor with a high X/γ-ray stopping power, making it well suited as a compact, room temperature radiation detector/imager. This technology is being utilised in the fields of medical imaging, homeland security, industrial analysis and astrophysics [1] [2] [3] [4] [5] . Pixellation of the anode contact is required for spectroscopic imaging with Cd(Zn)Te. Smaller pixels provide improved spatial resolution and benefit from the small-pixel effect, as described by the Shockley-Ramo theorem [6, 7] . As the pixel pitch is reduced, the charge cloud created by an X/γ-ray interaction is shared by an increasing numbers of pixels [8] . For X/γ-rays up to 200 keV, a pixel pitch of 250 µm provides good spatial resolution without significant degradation of spectroscopic response due to charge sharing. The deposition of high-quality, uniform, small metal contacts on CdZnTe remains technically challenging and improvements in the crystal preparation, metal deposition, lithography and bonding must be made if CdZnTe is to compete with CdTe and other traditional X/γ-ray sensors.
The Rutherford Appleton Laboratory (RAL), through the HEXITEC collaboration [9] , has produced a range of spectroscopic small-pixel CdTe and CdZnTe X/γ-ray imagers and associated ASICs (application specific integrated circuits) [8, [10] [11] [12] . This technology have been exploited for medical imaging [13, 14] , homeland security [15] and materials science applications [16, 17] . The current work describes the latest advances at RAL in the fabrication of small-pixel CdZnTe detectors. Two methods of gold deposition and pixel fabrication have been investigated; electroless deposition with positive photoresist and sputter deposition with negative photoresist. The choice of fabrication process is partly dictated by the choice of metal deposition method. To enable spectroscopic radiation measurements to be completed, two small-pixel CdZnTe detectors were fabricated and flip-chip bump bonded to the HEXITEC ASIC. The choice of metal deposition method, and a detailed investigation of the metal-semiconductor interface formed by electroless and sputter deposition is discussed in our previous work [18] .
-1 - Figure 1 . Optical micrograph of a pixel array formed on CdZnTe with positive photoresist and a dark-field mask. The gold was deposited by electroless deposition and the photoresist has been removed.
Experimental procedure

Detector fabrication
The fabrication process involved preparing the crystal, depositing gold contacts and segmenting the anode contact to form a 74 × 74 array of 200 µm pixels on a 250 µm pitch. A (111) orientated CdZnTe crystal, grown by Redlen Technologies Inc. using the travelling heater method (THM) [19] was diced to form two detectors with dimensions of 20 × 20 × 2 mm 3 . The crystals were prepared by lapping with 3 µm alumina slurry, followed by a two stage mechanical polish with 0.3 µm and 0.05 µm alumina slurry. It was decided not to chemo-mechanically polish the CdZnTe in order to avoid associated interface non-uniformity and the development of the orange-peel effect [20] .
The gold chloride (tetrachloroauric(III) acid) solution contained 30 wt% HAuCl 4 , 5-10 wt% HCl and 60-65 wt% deionised water giving a ratio of 1:25 for HAuCl 4 to H 2 O/HCl. To minimise the leakage current associated with contacts deposited at elevated temperatures [20] , an ice bath was used to cool the gold chloride solution down to 0 • C. The detectors were cleaned with acetone and isopropanol before being rinsed with deionized water. The crystal edges were protected with photoresist to stop gold formation before being submerged in the gold chloride solution for 3 min. Gold sputtering was performed using an Emitech K575X magnetron sputter coater with a target current of 100 mA for 2 min without heating or cooling the substrate. Following gold deposition the samples were baked at 85 • C for ∼ 30 min to improve adhesion.
Photolithography was used to create the pixel array. The detector with electroless contacts was fabricated with a positive photoresist (AZ-9260) and the detector with sputtered contacts was fabricated using a negative photoresist (SU-8-2005) . A dark-field mask was used for both. The combination of positive photoresist and dark-field mask (used on the detector with electroless contacts) required the lithography to be completed on the bare CdZnTe substrate before metal deposition. The opaque regions of the mask corresponded to the interpixel channels and the pixel pads were exposed. Exposure of the positive resist allowed it to be removed during development. The interpixel channels remained protected allowing metal to be deposited on the CdZnTe substrate only in the open pad regions. A subsection of the pixel array produced by this method is shown in figure 1 . The pixel definition was found to be very good, with a consistent interpixel gap of ∼ 47 µm, close to the target of 50 µm. The interpixel resistance was measured to be 1.7 ± 0.5 × 10 11 Ω.
-2 - Stripping or lifting off the photoresist is required if metal coats the resist in the interpixel channels. This does not occur during electroless deposition as the chloride solution only reacts with the exposed CdZnTe. However, this does occur during sputter deposition. The conformal nature of the gold coating makes lift off of the photoresist very difficult meaning that this process cannot be considered compatible with sputter deposition. This is the reason for the use of negative photoresist with the sputter contacted detector.
The combination of negative photoresist and dark-field mask required planar metal contacts to be deposited on the bare CdZnTe substrate before lithography. The opaque regions of the mask corresponded to the interpixel channels. This allowed the pixel pad regions to be exposed and cross-linked and the interpixel channels were subsequently removed during development. The pixel pads were protected allowing the metal in the open interpixel channels to be etched away. This was achieved with a 3 min treatment with 5% bromine-in-methanol. The definition of the individual pixels was good (see figure 2), albeit slightly over sized, with the interpixel gap reduced to ∼ 25 µm in the centre of the detector and ∼ 35 µm at the edges of the detector. The interpixel resistance was measured to be ∼ 10 9 Ω; two orders of magnitude lower than the detector with electroless gold contacts that did not require etching to remove interpixel gold.
Detector hybridization
Hybrid detector assemblies were formed by bonding the fabricated pixel detectors to the HEXITEC ASIC. This procedure began by thermosonically bonding gold studs to the ASIC pixels using a Palomar P8000 wafer bonder. Next, a conductive silver-loaded epoxy was printed across the pixel array of the fabricated detector using a custom-built stencil printer. Finally, the studded ASIC and detector were brought into close alignment and bonded at low pressure (∼0.8 mN/bump) and temperature (30 • C) using a SET FC150 flip-chip bonder. The hybridized assembly was cured at 45 • C for an extended period to ensure the epoxy had set without introducing thermal stress into the bonds. The bonding process is described in greater detail in our previous work [21] .
Radiation measurements
The fabricated and assembled detectors were exposed to a 185 MBq 241 Am radiation point source positioned 10 cm directly in front of the sensor. The peak centroid and intensity of the primary -3 - 241 Am gamma emission at 59.54 keV was recorded for all pixels to determine the uniformity of response across the pixel array. The full width at half maximum (FWHM) of the 59.54 keV photopeak was measured to determine the energy resolution of each pixel and again assess the uniformity of response. The data was processed with custom Matlab scripts written at RAL. The measured spectra were corrected for charge sharing, which involved removing events where one or more of the four nearest neighbours recorded an event in the same frame [22] .
The operating bias and temperature of each detector was chosen to optimize performance; high bias for improved charge collection and low temperature to reduce leakage current. Eventually dielectric breakdown, elevated leakage currents or bias-induced polarization limited the bias that could be applied. This occurred at a lower bias for the sputtered contacts because of effects other than differing pixel size (e.g. different barrier heights, interface structure etc.) The efficiency of the Peltier cooler limited how low the temperature could be reduced. The Peltier bonded to the sputtered detector hybrid module was less effective at cooling the ASIC compared with the one mounted on the electroless detector module. The final operating conditions were; −750 V and 4.5 • C for the detector with electroless contacts, and −700 V and 11 • C for the detector with sputtered contacts. In our experience, the small differences in bias and operating temperature would not be sufficient to produce significantly different spectral response of the two detectors.
Results and discussion
Two small-pixel CdZnTe detectors were fabricated and flip-chip bump bonded to the HEXITEC ASIC for X/γ-ray testing. One detector had electroless gold contacts and the other, sputtered gold contacts. The (111)A Cd-face of the crystal was patterned with a 250 µm pitch 74 × 74 pixel array and a guard band structure. A planar gold contact was deposited on the (111)B Te-face and radiation measurements of a 241 Am source were completed. The two fabricated detectors are shown in figure 3 before being bonded to the HEXITEC ASIC.
-4 - Example single pixel spectra demonstrating the best and modal FWHM energy resolutions measured at the 59.54 keV photopeak for the detectors with electroless and sputtered gold contacts are presented in figure 4 and figure 5 respectively.
Histograms of the FWHM values measured across all pixels of both detectors are shown in figure 6 . For the detector with electroless contacts, the best performing pixel produced a FWHM resolution of 560 eV and the modal FWHM value was 1.2 keV with a standard deviation of 0.4 keV. 50% of pixels produced a FWHM better than 1.7 keV. To the authors' knowledge, to date the best reported FWHM at 59.54 keV for CdTe or CdZnTe is 600 eV (XR-100T-CdTe detector from AMPTEK [23] ). The AMPTEK system included a rise-time discriminator to correct for hole trapping. The HEXITEC system does not have a rise-time discriminator and instead utilises the small-pixel effect. The spectra measured with the HEXITEC CdZnTe detectors displayed a small degree of low energy tailing however this was likely related to incomplete collection of electrons due to trapping and electric field effects as much as the incomplete collection of holes. The shoulder extending for ∼ 2 keV below the 59.54 keV photopeak in figure 4(a) was a result of the charge sharing discrimination algorithm missing shared events where a fraction of charge less than the low energy threshold of the pixel (∼ 2 keV) was shared with a neighbour [22] .
-5 - For the detector with sputtered contacts, the best performing pixel produced a FWHM resolution of 1.5 keV and the modal FWHM value was 3.9 keV with a standard deviation of 0.9 keV. 50% of pixels produced a FWHM better than 4.4 keV. The photopeaks in the spectrum with 3.9 keV FWHM showed signs of tailing towards lower energies. This may have been due to crystal defects and impurities trapping charge, possibly related to the use of an insufficient bias to achieve full charge collection. The field strength of 3,500 V.cm −1 used in the current work is typically sufficient for complete charge collection in CdTe/CdZnTe detectors [24] . It was not feasible to increase the bias due to the exponential increase in leakage current and reduction in leakage current stability observed at higher bias.
The FWHM, peak position and peak counts of the 59.54 keV gamma emission were calculated for all 74×74 pixels using a MATLAB script and the results are presented in figures 7-9 respectively.
The detector with sputtered contacts was found to have 790 non-spectroscopic pixels. This represented 14% of the total 5,476 pixels. This compared with 193 (4%) non-spectroscopic pixels for the detector with electroless contacts. Pixels were considered to be non-spectroscopic if they were -6 - dominated by electronic noise, had extremely low counts or low gain, or produced no discernible spectrum. There are several possible reasons why the spectral response of a pixel may be poor, including inclusions and crystal defects [25] , failed bonds, electric field effects [25] [26] [27] and edge effects [28, 29] . For imaging applications, spectra from such pixels would likely be disregarded and the image interpolated from neighbouring pixels [30] . If a pixel produced a significantly degraded spectrum due to one or more of the above mentioned phenomena, then the spectrum was disregarded from further analysis. These pixels appeared as dark red pixels in the FWHM distribution maps of -7 -figure 7 and as dark blue pixels in the centroid position maps of figure 8.
It was not possible to determine if either of the contacting methods, sputter or electroless deposition, was likely to produce more or less non-spectroscopic pixels as the two detectors investigated were pixellated following different lithographic methods. The pixellation of the detector with sputtered contacts involved etching away the gold from the interpixel channel with brominein-methanol. The bromine etchant produced a trench several µm into the CdZnTe bulk. Interpixel resistance measurements on detectors fabricated under similar conditions indicated that etched interpixel channels had a lower resistance than non-etched bare CdZnTe interpixel channels (∼ 10 9 Ω compared with ∼ 10 11 Ω respectively) [31] . Even when the etched interpixel channel was passivated the resistance was still over an order of magnitude lower than the non-etched channel. A low interpixel resistance can lead to charge drifting towards the crystal surface between pixels and not being funnelled towards and collected by the pixel contact [28] . It was not possible to determine the uniformity of the etch across the pixel array. If a variation in defect density and resistance along the interpixel trenches existed it is possible that localised perturbations in the electric field would have detrimentally affected the spectroscopic response of certain pixels. It was identified that undercutting and subsequent peeling of the gold pixel contact was also possible during interpixel etching. A further issue identified with the negative photoresist/dark-field mask lithographic method was the possibility that residual photoresist remained on the pixel after the photoresist lift off. This may have increased the capacitance of the pixel and reduced the pixel gain such that the 59.54 keV photopeak was no longer in the region of interest specified in the MATLAB calibration algorithm. Such low gain pixels may have presented good energy resolution but would have been rejected as "non-spectroscopic". As the spectrum shape was known ( 241 Am gamma spectrum), it would have been possible to amend the calibration algorithm to correct the low gain pixels. It was decided not to do this as eventually these detectors will be used to measure unknown spectra. A significant variation from pixel-to-pixel could produce unpredictable behavior with the fitting algorithm, producing erroneous results. Also, the reduced gain has the effect of squashing the spectrum into less channels, which reduces the potential energy resolution.
The detector with electroless contacts did not require interpixel etching. As such the interpixel channels were likely to have better uniformity and higher resistance. The detector with electroless contacts also did not require photoresist to be deposited on the gold pixel contacts and so residue was less likely to be present. It is for these reasons that the detector with sputtered contacts was found to have significantly more non-spectroscopic pixels compared with the detector with electroless contacts. Non-uniformity of the crystal may also be responsible for spatial variation and the degraded spectral response of some pixels. It is however unlikely that crystal non-uniformity is responsible for the observed differences as both detectors were diced from the same crystal.
Conclusions and summary
The fabrication of small-pixel CdZnTe detectors with gold contacts deposited by electroless and sputter deposition has been investigated. The spectroscopic performance was determined by bonding the detectors to the HEXITEC ASIC and exposing to a 241 Am X/γ-ray source.
The detector with contacts formed by electroless deposition was measured to produce a superior spectral response compared with the detector with sputtered contacts. The best performing pixel -8 -produced a FWHM energy resolution of 560 eV at 59.54 keV, comparable to the best reported in the literature. This compared with 1.5 keV for the detector with sputtered contacts. The uniformity and pixel yield was also higher for the detector with electroless contacts. The interpixel etching, which was required to pixellate the detector with sputtered contacts, was the cause of the reduced yield of spectroscopic pixels in this detector. For the detector with electroless contacts, it was not necessary to etch the interpixel region and as a result the pixel yield was better. It was not possible to perform the same procedure (positive photoresist, dark-field mask) with the sputtered detector due to the conformal nature of the sputter coating. Instead, a negative photoresist and dark-field mask procedure was used and this proved to be less reliable and resulted in different pixel sizes. This in its self is an important technical outcome of the work.
Developing a deposition method and compatible pixellation process is vital if CdZnTe X/γ-ray imagers are to replace traditional technologies. The presented results represent an important step towards achieving uniform, high resolution small-pixel CdZnTe detectors.
